A number of studies indicated that lineages of animals with high rates of mitochondrial (mt) gene rearrangement might have high rates of mt nucleotide substitution. We chose the hemipteroid assemblage and the Insecta to test the idea that rates of mt gene rearrangement and mt nucleotide substitution are correlated. For this purpose, we sequenced the mt genome of a lepidopsocid from the Psocoptera, the only order of hemipteroid insects for which an entire mtDNA sequence is not available. The mt genome of this lepidopsocid is circular, 16,924 bp long, and contains 37 genes and a putative control region; seven tRNA genes and a protein-coding gene in this genome have changed positions relative to the ancestral arrangement of mt genes of insects. We then compared the relative rates of nucleotide substitution among species from each of the four orders of hemipteroid insects and among the 20 insects whose mt genomes have been sequenced entirely. All comparisons among the hemipteroid insects showed that species with higher rates of gene rearrangement also had significantly higher rates of nucleotide substitution statistically than did species with lower rates of gene rearrangement. In comparisons among the 20 insects, where the mt genomes of the two species differed by more than five breakpoints, the more rearranged species always had a significantly higher rate of nucleotide substitution than the less rearranged species. However, in comparisons where the mt genomes of two species differed by five or less breakpoints, the more rearranged species did not always have a significantly higher rate of nucleotide substitution than the less rearranged species. We tested the statistical significance of the correlation between the rates of mt gene rearrangement and mt nucleotide substitution with nine pairs of insects that were phylogenetically independent from one another. We found that the correlation was positive and statistically significant (R 2 ¼ 0.73, P ¼ 0.01; R s ¼ 0.67, P , 0.05). We propose that increased rates of nucleotide substitution may lead to increased rates of gene rearrangement in the mt genomes of insects.
Introduction
The rate of nucleotide substitution in animal mitochondrial (mt) genomes varies substantially among lineages (Crozier, Crozier, and Mackinlay 1989; Martin and Palumbi 1993; Dowton and Austin 1995; Hoeh et al. 1996; Page et al. 1998; Gissi et al. 2000; Krieger and Fuerst 2002) . The rate of mt gene rearrangement also varies substantially among lineages, especially among lineages of invertebrates (Hoffmann, Boore, and Brown 1992; Boore and Brown 1994; Black and Roehrdanz 1998; Barker 1998, 1999; Boore 1999; Dowton and Austin 1999; Yokobori et al. 1999; Shao and Barker 2003) . Although nucleotide substitution and gene rearrangement are two distinct mutational phenomena, a number of studies have indicated that they might be correlated in animal mt genomes, since a number of lineages have both a high rate of mt gene rearrangement and a high rate of nucleotide substitution; for example, the lineages of the blue mussel, Mytilus edulis (Hoffmann, Boore, and Brown 1992; Hoeh et al. 1996) , the akamata snake, Dinodon semicarinatus (Kumazawa et al. 1998) , the ascidian, Halocynthia roretzi (Yokobori et al. 1999) , some hymenopterans (Crozier, Crozier, and Mackinlay 1989; Crozier and Crozier 1993; Austin 1995, 1999) , and some lice (Page et al. 1998; . However, no one has tested systematically the idea that the rate of mt gene rearrangement and the rate of mt nucleotide substitution are correlated. Doubtless, this is due to the lack of suitable model systems. An ideal model system would have lineages with a range of rates of mt gene rearrangement. The hemipteroid assemblage (see below and Shao and Barker [2003] ) and the Insecta (see below) seem to meet this requirement.
The hemipteroid assemblage has four orders of insects: Hemiptera (bugs, cicadas, whiteflies, aphids, etc.), Phthiraptera (lice), Psocoptera (psocids, book lice, and bark lice), and Thysanoptera (thrips). The rate of mt gene rearrangement varies substantially in the hemipteroid assemblage. Compared with the inferred ancestral arrangement of mt genes of insects , no rearrangements have been found in the Hemip-tera ). In contrast, 24 genes have rearranged in the plague thrips, Thrips imaginis (Thysanoptera [Shao and Barker 2003] ), and 31 genes have rearranged in the wallaby louse, Heterodoxus macropus (Phthiraptera ). The nucleotide sequence of a 1.8-kb fragment of the mt genome of a lepidopsocid (Psocoptera) indicated a level of rearrangement in this species intermediate to that of the Hemiptera and the plague thrips . In the present study, we sequenced the entire mt genome of this lepidopsocid and found that eight genes have rearranged in this genome.
Other lineages of insects also vary in the rate of mt gene rearrangement. The three species of Coleoptera sequenced entirely have the ancestral gene arrangement of insects (see table 1 ). Five of the seven species of Diptera sequenced entirely also have the ancestral arrangement, whereas two species of Diptera, Anopheles quadrimaculatus and A. gambiae, have two tRNA genes rearranged. Four species of Lepidoptera and the locust, Locusta migratoria (Orthoptera), have a single tRNA gene re-arranged, and the honeybee, Apis mellifera (Hymenoptera), has eight tRNA genes rearranged. Thus, the Insecta has lineages with low rates, intermediate rates, and high rates of mt gene rearrangement.
We compared the relative rates of mt nucleotide substitution among the four orders of hemipteroid insects and among all of the insects whose mt genomes have been sequenced entirely. We then tested the degree of correlation between the rate of gene rearrangement and the rate of nucleotide substitution among nine pairs of insects that are phylogenetically independent from one another. We found that there was a statistically significant correlation between the rate of gene rearrangement and the rate of nucleotide substitution in the mt genomes of these insects. We propose that increased rates of nucleotide substitution may lead to increased rates of gene rearrangement in the mt genomes of insects.
Materials and Methods

Sequencing of the Mitochondrial Genome of the Lepidopsocid
The lepidopsocid was an undescribed species in the family Lepidopsocidae; the specimen was collected by Dr. Evan Schmidt in the Brisbane Forest Park, Queensland, Australia. A voucher specimen was deposited in the Queensland Museum (Register Number QMT93416). DNA extraction and the nucleotide sequence of a 1.8-kb fragment of the mt genome of the lepdopsocid was reported in . In the present study, we amplified the entire mt genome of the lepidopsocid in seven overlapping fragments ( fig. 1 ) with the following primers: (1) C1-J-1718 and C3-N-5460 (3,083-bp fragment); (2) C1-J-2177 and C2-N-3661 (3,741-bp fragment), (3) C2-J-3400 and N5-N-7736 (2,368-bp fragment); (4) N5-J-7567 and N1-N-12595 (4,983-bp fragment); (5) N4-J-8944 and LR-N-12866 (3,849-bp fragment); (6) N1-J-12636 (59-GCTACTCCTACAAGAATTCC-39) and LR-N-13609 (59-AGTTTAATTTAAAATTGTAC-39; 1,002-bp fragment); and (7) LR-J-12889 (59-ACGCCG-GTCTGAACTCAAATCATGTAA-39) and C1-N-2161 (6,151-bp fragment; only the sequences of primers reported here for the first time are shown; see Simon et al. [1994] , , and for the sequences of the other primers). Elongase Enzyme Mix (GIBCO BRL Ò ) was used in PCR. The cycling conditions were 1 min at 948C followed by 35 to 40 cycles of 30 sec at 408C to 508C (depending on primers), 1 to 7 min (;1 min/kb) at 688C or 608C, and then 2 to 10 min at 688C or 608C. The extension temperature was 688C for the first six fragments. The seventh fragment, which includes the entire control region of the mt genome, failed to be amplified at 688C but was amplified successfully at 608C. The PCR fragments were purified with QIAquick PCR Purification Kit (Qiagen) and sequenced directly with internal primers, except for a 2,838-bp region in the seventh fragment. This region comprises part of rrnS, the entire control region, trnQ, and part of nad2. Direct sequencing reactions repeatedly failed from both sides of this region. So, we cloned the PCR products amplified from this region with pGEM Ò -T Easy Vector System and sequenced this region with M13 primers and internal primers. The nucleotide sequences of both strands were determined for the entire mt genome (GenBank accession number AF335994).
Relative Rate Tests of Nucleotide Substitution
The amino acid sequences of the 13 mt proteincoding genes of the lepidopsocid, 19 other insects, and Correlation of Gene Rearrangement and Nucleotide Substitution 1613 the crustacean Daphnia pulex (table 1) were aligned with ClustalW version 1.8 (Thompson, Higgins, and Gibson 1994) . CodonAlign 1.0 (http://www.rochester.edu/ College/BIO/labs/HallLab/CodonAlign.html) was then used to align the nucleotide sequences of these proteincoding genes with reference to the alignment of amino acid sequences. The 13 nucleotide sequence alignments were then concatenated into one data set (see Supplementary Material online). Relative-rate tests were executed with RRTree version 1.1 (Robinson-Rechavi and Huchon 2000) . There are six pairwise comparisons among the four hemipteroid insects and 45 pairwise comparisons among the 20 insects (table 2)-species of insects that have identical gene arrangements and are in the same taxonomic order were treated as a single lineage in the relative-rate tests. These species are (1) the five dipterans that have the ancestral gene arrangement of insects, (2) the two dipterans (Anopheles spp.) that have two genes rearranged, (3) the four lepidopterans that have one gene rearranged, and (4) the three coleopterans that have the ancestral gene arrangement of insects. We compared K s (number of synonymous substitutions per synonymous site), K a (number of nonsynonymous substitutions per nonsynonymous site), and B 4 (number of synomymous transversions per fourfold degenerate site).
Relative Rate Tests of Mitochondrial Gene Rearrangement
To assess the relative numbers of gene rearrangements between mt genomes of two taxa, we used the breakpoint (BP) distance (as described in Blanchette, Kunisawa, and Sankoff. [1999] ). This calculates the minimum number of BPs that must be introduced into one genome to change it to the other genome. In the simplest comparison, two genomes that differ by the placement of a single gene have a BP of 3; two BPs are needed to excise the rearranged gene from its original location, with a third BP needed to introduce that gene into its new location. The BP between pairs of taxa were calculated with Grappa version 1.6 (Moret et al. 2001) .
Tests that assess the relative rate of gene rearrangement between two taxa have not been developed. So we devised such a test, using the relative-rate test of nucleotide substitution as a framework (Li and Bousquet 1992) . We assessed the relative rate of gene rearrangement between pairs of taxa by reference to a third taxon (an outgroup). We calculated the BP between the outgroup and each of the ingroup taxa. The relative rate of gene rearrangement (RRT GR ) was then calculated as the difference between these two BP values, or RRT GRð1;2Þ ¼ BP ð1;3Þ À BP ð2;3Þ ;
where BP (1, 3) is the breakpoint distance between taxon 1 and the outgroup (taxon 3), and BP (2, 3) is the breakpoint distance between taxon 2 and the outgroup (taxon 3). In this way, the relative rate of gene rearrangement between a pair of taxa could be compared directly with the relative rate of nucleotide substitution between the same pair of taxa.
Test for Significance of the Correlation Between Rates of Gene Rearrangement and Nucleotide Substitution
We tested the correlation between the rate of gene rearrangement and the rate of nucleotide substitution for statistical significance using parametric (Pearson) and FIG. 1.-Comparison of the arrangement of genes in the mitochondrial genome of the lepidopsocid (Psocoptera) with that of the hypothetical ancestral insect. These circular genomes have been linearized at the 59 end of cox1. Lines at the top show the seven overlapping PCR fragments from which the mitochondrial genome of the lepidopsocid was sequenced. Genes are transcribed from left to right except those whose names are underlined, which are transcribed from right to left. The protein-coding genes and rRNA genes are atp6 and atp8 (encoding ATP synthase subunits 6 and 8), cox1 to cox3 (cytochrome oxidase subunits 1 to 3), cob (cytochrome b), nad1 to nad6 and nad4L (NADH dehydrogenase subunits 1 to 6 and 4L), and rrnL and rrnS (large and small ribosomal RNA subunits). The tRNA genes are labeled with their single-letter amino acid abbreviations except for those that encode leucine and serine, which are labeled L 1 (anticodon tag), L 2 (TAA), S 1 (GCT), and S 2 (TGA). CR is the abbreviation for the putative control region. Lines with arrows indicate translocations of genes from their hypothetical ancestral positions to their positions in the lepidopsocid. Genes that may have translocated as a block are marked with a thick horizontal line.
1614 Shao et al. Table 2 Comparisons Correlation of Gene Rearrangement and Nucleotide Substitution 1615 nonparametric (Spearman Rank) tests. We only used the pairs of species that were independent from one another on the phylogenetic tree (table 3 and fig. 2); this is because the inclusion of nonindependent pairs of species may overestimate the degree of correlation by using the same data more than once (Felsenstein 1985) . Among the 20 insects whose mt genomes have been sequenced entirely, there were nine pairs of insects that were suitable for this test. We sampled each branch in the phylogeny of these insects only once and purposefully sampled all branches along which rearrangements have occurred ( fig. 2 , dashed branches). Tribolium castaneum (Coleoptera) was used as an outgroup in four of the nine comparisons because it has the ancestral mt gene arrangement of insects and has a lower rate of nucleotide substitution compared with the other two species of Coleoptera sequenced entirely (data not shown). These properties made it an ideal outgroup since relative rate tests are most accurate when the mean distance of each taxon to the outgroup is smallest (Robinson et al. 1998) .
Results and Discussion
Mitochondrial Genome of the Lepidopsocid
The mt genome of the lepidopsocid is circular and has 16,924 bp. This genome has 13 protein-coding genes, two rRNA genes, 22 tRNA genes, and a putative control region ( fig. 1) . The majority strand has 6,961 adenines (41%), 6,413 thymines (38%), 2,111 cytosines (12%), and 1,439 guanines (9%). The gene content and nucleotide composition of this genome are typical of the mt genomes of insects (Clary and Wolstenholme 1985; Crease 1999) . However, the arrangement of genes in the mt genome of this lepidopsocid is not typical for an insect since seven tRNA genes (R, S 1 , E, S 2 , I, M, and W) and a proteincoding gene (cox2) have changed positions relative to the ancestral arrangement of insects ( fig. 1 ). The number of mt genes that have rearranged in this lepidopsocid (eight genes rearranged; Psocoptera) is less than that in Heterodoxus macropus (31 genes rearranged; Phthiraptera) and Thrips imaginis (24 genes rearranged; Thysanoptera), the same as that in Apis mellifera (eight genes rearranged; Hymenoptera), but greater than that in all other insects studied (table 1).
Relative Rates of Nucleotide Substitution and Gene Rearrangement
RRTree tests indicated that K s (number of synonymous substitutions per synonymous site) was saturated in 53 of the 60 pairwise comparisons in tables 2 and 3. In the other seven comparisons in which K s was not saturated, there was no significant variation in K s between the two taxa compared. Saturation plots of corrected and uncorrected pairwise distances of first, second, and third codon positions also indicated extreme saturation at the third codon position, where corrected distances were frequently greater than 1.0 (data not shown). There was no significant variation in B 4 (number of synonymous transversions per fourfold degenerate site) in any of the 60 pairwise comparisons. However, there was significant variation in K a (number of nonsynonymous substitutions per nonsynonymous site) in 49 of the 60 comparisons. Together, these observations indicate that neither K s nor B 4 is a good proxy or measure for nucleotide substitution rate when examining highly divergent organisms (e.g., in our case, species across nine taxonomic orders of insects). Therefore, only the rates of non-synonymous substitutions were shown in tables 2 and 3.
All six comparisons among the four hemipteroid insects show that species with high rates of gene rearrangement also have high rates of nucleotide substitution (table  2) . The hierarchy of the rate of nucleotide substitution was Heterodoxus macropus . Thrips imaginis . lepidopsocid . Triatoma dimidiata. This hierarchy did not change whether Drosophila yakuba (Diptera), Tribolium castaneum (Coleoptera), Bombyx mori (Lepidoptera), or Locusta migratoria (Orthoptera) was the outgroup. The hierarchy of the rate of nucleotide substitution was the same as the hierarchy of the rate of mt gene rearrangement of these hemipteroid insects: Heterodoxus macropus (35 breakpoints) . Thrips imaginis (30 breakpoints) . lepidopsocid (15 breakpoints) . Triatoma dimidiata (0 breakpoints). To test whether the correlation between the rate of gene rearrangement and the rate of nucleotide substitution in these hemipteroid insects is a more general phenomenon, we tested the relative rates of mt gene rearrangement and mt nucleotide substitution among all 20 species of insects whose mt genomes have been sequenced entirely. The crustacean Daphnia pulex was the outgroup (table 2) . The hierarchy of rate of nucleotide substitution of these 20 insects was Heterodoxus macropus »Thrips imaginis . Apis mellifera . lepidopsocid . Triatoma dimidiata . Locusta migratoria »Lepidoptera »Coleoptera »Diptera (Anopheles spp. excluded) . Anopheles spp. (''»'' indicates no significant difference). This hierarchy is similar but not identical to the hierarchy of the rate of mt gene rearrangement of these insects: Heterodoxus macropus (35 breakpoints) . Thrips imaginis (30 breakpoints) . Apis mellifera (16 breakpoints) . lepidopsocid (15 breakpoints) . Locusta migratoria (3 breakpoints) ¼ Lepidoptera (3 breakpoints) . Anopheles spp. (1 breakpoint) . Triatoma dimidiata (0 breakpoints) ¼ Coleoptera (0 breakpoints) ¼ Diptera (0 breakpoints). The major difference between the two hierarchies is due to the positions of the Anopheles spp. and Triatoma dimidiata (underlined in the hierarchy of the rate of mt gene rearrangement above). In 28 of the 45 comparisons where the two lineages differed by more than five breakpoints, the more rearranged lineage always had a statistically significantly higher rate of nucleotide substitution than the less rearranged lineage. The average difference for these 28 comparisons was 0.1680. In the 17 other comparisons where the two lineages differed by five or less breakpoints, the more rearranged lineage did not always have a higher rate of nucleotide substitution than the less rearranged lineage. The average difference for these 17 comparisons was 0.0280. In some cases, the less rearranged lineage had a significantly higher rate of nucleotide substitution than the more rearranged lineage (the comparisons with negative values of BP (1,3) À BP (2,3) in table 2).
Correlation Between Rate of Gene Rearrangement and Rate of Nucleotide Substitution Table 2 shows that the lineages with high rates of gene rearrangement generally have high rates of nucleotide substitution. However, table 2 does not show if the correlation between the rate of gene rearrangement and the rate of nucleotide substitution is statistically significant or not. We tested the statistical significance of the correlation between the rate of gene rearrangement and the rate of nucleotide substitution by comparing these rates in nine phylogenetically independent pairs of species (table 3) .The rate of gene rearrangement and the rate of nucleotide substitution were positively correlated and the degree of correlation was statistically significant: Pearson R 2 ¼ 0.73, P ¼ 0.01 and Spearman Rank R s ¼ 0.67, P , 0.05 ( fig. 3 ).
Possible Role of Nucleotide Substitution in the Rearrangement of Mitochondrial Genes of Insects
A number of factors seem to affect the rate of nucleotide substitution in vertebrates, including (1) efficiency of DNA repair-the less efficient the repair mechanism, the higher the substitution rate (Britten 1986 ); (2) metabolic rate-the higher the metabolic rate, the higher the substitution rate (Martin, Naylor, and Palumbi 1992; Martin and Palumbi 1993) ; (3) generation time-the shorter the generation time, the higher the substitution rate (Li et al. 1996) ; and (4) body size-the smaller the body size, the higher the substitution rate (Martin and Palumbi 1993; Bromham 2002) . Studies on insects also indicated that population size (Ohta 1993; Crozier, Crozier, and Mackinlay 1989) and parasitic lifestyle (Dowton and Austin 1995) may be linked to the rate of nucleotide substitution.
Little is known about the factors that affect the rate of gene rearrangement in mt genomes of animals. The rate of mt gene rearrangement was thought to be universally low in animals since the arrangement of mt genes is identical in most lineages of vertebrates (Boore 1999) . However, a low rate of mt gene rearrangement seems to be peculiar to vertebrates. The rate of mt gene rearrangement varies substantially in the Insecta (see above) and in other line- FIG. 3 .-Correlation between the rate of mitochondrial gene rearrangement and the rate of nucleotide substitution among insects. Differences in the minimum number of breakpoints between two lineages BP (1,3) À BP (2, 3) are along the horizontal axis, whereas differences in the number of nonsynonymous substitutions per nonsynonymous site (K 13 À K 23 ) between two lineages are along the vertical axis.
FIG. 2.-Phylogeny used in the test of the correlation between the rate of mitochondrial gene rearrangement and the rate of mitochondrial nucleotide substitution. This tree shows the current understanding of the interordinal phylogeny of insects (Wheeler et al. 2001) . Dashed branches indicate lineages with mitochondrial gene rearrangements. Both spotted and dashed branches were sampled in our test for a correlation between the rate of mitochondrial gene rearrangement and the rate of mitochondrial nucleotide substitution. Black branches were not sampled.
Correlation of Gene Rearrangement and Nucleotide Substitution 1617 ages of arthropods; for example, the Crustacea (Tigriopus japonicus [Machida et al. 2002] ), the ticks (Chelicerata [Black and Roehrdanz 1998; Barker 1998, 1999] ) and the millipedes (Myriapoda [Lavrov, Boore, and Brown 2002] ). Indeed, most groups of invertebrates have lineages with many rearrangements and lineages with few rearrangements; for example, Mollusca, Nematoda, Platyhelminthes, Cnidaria, Echinodermata, and Brachiopoda (Boore 1999) .
So, why is the rate of mt gene rearrangement high in some lineages of animals but low in others? We propose that the statistically significant correlation between the rate of mt nucleotide substitution and the rate of mt gene rearrangement in insects may point to an answer to this question. Our hypothesis is that a high rate of nucleotide substitution may lead to a high rate of mt gene rearrangement. There are three steps in our hypothesis. First, one or more of the four biochemical and life history traits listed above evolves in a lineage; that is, there may be a decrease in efficiency of DNA repair, increase in metabolic rate, decrease in generation time, and/or decrease in body size. Second, these changes cause the rate of nucleotide substitution to increase in mt genomes. Third, a high rate of nucleotide substitution leads to an increase in mutation at the sites of initiation and termination of the mt genome replication and causes errors during replication of mt genomes. These errors then cause gene rearrangements through duplication and deletion mechanism (Boore 2000; Lavrov, Boore, and Brown 2002) and lead to an increase in the rate of mt gene rearrangement. It is possible that other mechanisms, in addition to the duplication and deletion mechanism, may also cause a high rate of gene rearrangement from a high rate of nucleotide substitution. For example, a high rate of endogenous DNA damage, due to a high rate of nucleotide substitution, may result in a high rate of double-strand breaks that may cause illegitimate recombination (Boore 2000) or intramitochondrial recombination (Dowton and Campbell 2001) . Alternatively, the organisms with high substitution rates may have relaxed selection; thus mtDNA rearrangement are tolerated more than in species with low substitution rates.
Of course, other as yet undiscovered factors may also affect the rate of gene rearrangement in the mt genomes of animals. For example, we speculate that life histories and ecologies that tend to cause genetic founder effects, such as the life history of lice, psocopterans, and thrips, may increase the chance that rearranged mt genomes survive and become fixed in populations. Further studies on hemipteroid insects on such factors should be instructive.
